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ABSTRACT
The protoplanetary disk around Ophiuchus IRS 48 shows an azimuthally asymmetric dust distribu-
tion in (sub-)millimeter observations, which is interpreted as a vortex, where millimeter/centimeter-
sized particles are trapped at the location of the continuum peak. In this paper, we present 860 µm
ALMA observations of polarized dust emission of this disk. The polarized emission was detected toward
a part of the disk. The polarization vectors are parallel to the disk minor axis, and the polarization
fraction was derived to be 1 − 2%. These characteristics are consistent with models of self-scattering
of submillimeter-wave emission, which indicate a maximum grain size of ∼ 100 µm. However, this is
inconsistent with the previous interpretation of millimeter/centimeter dust particles being trapped by
a vortex. To explain both, ALMA polarization and previous ALMA and VLA observations, we suggest
that the thermal emission at 860 µm wavelength is optically thick (τabs ∼ 7.3) at the dust trap with
the maximum observable grain size of ∼ 100 µm rather than an optically thin case with ∼ cm dust
grains. We note that we cannot rule out that larger dust grains are accumulated near the midplane if
the 860 µm thermal emission is optically thick.
Keywords: polarization —protoplanetary disks —stars: individual (Oph IRS 48)
1. INTRODUCTION
The evolution of dust grains in protoplanetary disks
is one of the most important processes for planet forma-
tion. The dust grains are thought to grow from micron-
sized particles to pebbles (millimeter/centimeter-sized
particles), and beyond to planetesimals in protoplane-
tary disks (e.g., Testi et al. 2014).
Recent millimeter and submillimeter observations
with the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) have revealed that protoplanetary disks
satoshi.ohashi@riken.jp
∗ NAOJ fellow
have a variety of structures such as rings, spirals, and
lopsided structures (e.g., van der Marel et al. 2013;
Casassus et al. 2013; Pe´rez et al. 2014; ALMA Part-
nership et al. 2015; Andrews et al. 2016; Canovas et al.
2016; Isella et al. 2016; Tsukagoshi et al. 2016; Cieza et
al. 2017; Loomis et al. 2017; Kraus et al. 2017; van der
Plas et al. 2017; Andrews et al. 2018; Ansdell et al. 2018;
Bertrang et al. 2018; Boehler et al. 2018; Clarke et al.
2018; Dipierro et al. 2018; Dong et al. 2018; Fedele et
al. 2018; Long et al. 2018; Sheehan, & Eisner 2018; van
Terwisga et al. 2018; van der Marel et al. 2019). These
structures of disks may be related to grain growth and
planet formation. In order to understand where and how
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dust grains grow, it is essential to measure the grain sizes
in these structures.
One way to measure the size of the dust grains is to
derive the frequency dependence of thermal dust con-
tinuum emission since larger grains efficiently emit ther-
mal radiation at a wavelength similar to their size (e.g.,
Draine 2006). Therefore, the spectral index, α, provides
us with information on grain sizes. Multi-wavelength
observations using ALMA, Submillimeter Array (SMA),
Plateau de Bure Interferometer (PdBI), Nobeyama Mil-
limeter Array (NMA) and Karl G. Jansky Very Large
Array (VLA) have been used to derive spectral indices
for disks in various star-forming regions. The spectral
index is derived to be α ∼ 2 − 2.5, suggesting grain
growth to sizes of ∼ 1 mm (e.g., Kitamura et al. 2002;
Andrews & Williams 2005; Ricci et al. 2010, 2012; Testi
et al. 2014; Ansdell et al. 2018).
Another recently proposed way to measure dust grain
sizes is via polarization of millimeter/submillimeter-
wave thermal dust continuum emission due to scattering
(Kataoka et al. 2015; Pohl et al. 2016; Yang et al. 2016).
As dust grains grow, the scattering opacity becomes as
high as the absorption opacity at submillimeter wave-
lengths. Thus, the continuum emission is expected to be
polarized due to self-scattering. The polarization frac-
tion is the highest if dust grains have a maximum size
of amax ∼ λ/2pi where λ is the observing wavelength.
Thanks to the high spatial resolution and high sensi-
tivity of ALMA, polarization of dust continuum emis-
sion has been detected not only in star forming regions
but also in protoplanetary disks. Several studies have
shown that the polarization vectors are parallel to the
disk minor axis (e.g., Stephens et al. 2014; Kataoka et
al. 2017; Stephens et al. 2017; Lee et al. 2018; Cox et
al. 2018; Girart et al. 2018; Sadavoy et al. 2018; Hull et
al. 2018; Harris et al. 2018; Bacciotti et al. 2018; Dent
et al. 2019; Harrison et al. 2019; Mori et al. 2019; Sa-
davoy et al. 2019), which is consistent with the self-
scattering model for an inclined disk (Yang et al. 2016,
2017; Kataoka et al. 2016a). According to the self-
scattering process, these ALMA polarization observa-
tions suggest that a maximum grain size is about 100
µm, which is smaller than the sizes inferred from the
spectral index. Ohashi & Kataoka (2019) investigated
the polarization of the HD 163296 disk, which has mul-
tiple ring and gap structures, by comparing observations
with radiative transfer models. They found that polar-
ization is mainly produced in the gaps rather than in
the rings, indicating different grain sizes between them.
The gaps have a maximum grain size of ∼ 100 µm, while
the rings have significantly larger or smaller dust grains.
In the case of larger dust grains, these rings may be due
to dust traps (Dullemond et al. 2018). Therefore, the
grain size measurements from polarization observations
and from spectral index studies may trace different parts
of disks.
Another possibility is that lower spectral indices may
be due to optically thick emission. Optically thick emis-
sion follows black body radiation, which means the spec-
tral index α = 2. By taking into account the effects
of scattering, an observed spectral index can be even
lower than 2 when (sub)millimeter emission is optically
thick and grain sizes are on the order of 100 micron (Liu
2019; Zhu et al. 2019). A detailed analysis of ALMA
and VLA observations with absorption and scattering
effects has been performed for two disks, HL Tau and
TW Hya (Carrasco-Gonza´lez et al. 2019; Ueda et al.
2020). Carrasco-Gonza´lez et al. (2019) showed that dust
grains have grown to a few millimeters within 20 au of
the center of the HL Tau disk. However, this is inconsis-
tent with a grain size measured to be ∼ 100 µm by the
ALMA polarization observations (Kataoka et al. 2017;
Stephens et al. 2017). Lin et al. (2019) also investigated
the HD 163296 disk by ALMA polarization and spec-
tral index. They showed that the low spectral index in
the rings can be explained even by the dust grains with
∼ 100 µm. Due to the high optical depth of the rings in
the sub-mm region, it is difficult to constrain the grain
size. To investigate how and when dust grains grow, it is
essential to understand the different grain size measure-
ments from the spectral index and from polarization.
The target for this study is a transition disk around
Ophiuchus IRS 48. The Ophiuchus IRS 48 is a young A-
type star with a distance of 120 pc1 (Loinard et al. 2008).
The ring structure was firstly imaged with the VISIR
instrument on the Very Large Telescope (VLT) at 18.7
µm (Geers et al. 2007). At longer wavelengths, van der
Marel et al. (2013) showed a highly asymmetric, peanut-
shaped, structure by observing 440 µm dust continuum
emission with ALMA. The peak emission of this source
is & 100 times brighter than the opposite side of the
ring. Subsequently, van der Marel et al. (2015) observed
the disk with Very Large Array (VLA) 8.8 mm contin-
uum emission and found that longer wavelength con-
tinuum emission is more concentrated on the dust trap;
they assumed optically thin emission at both ALMA and
VLA wavelengths. These results suggest an increase of
large particles in the center of the trap. On the other
hand, the gas distribution traced by CO isotopes and
the micrometer-sized dust distributions traced by mid-
1 The distance is revised to be 134 pc by Gaia Collaboration et al.
(2018). However, we still use a a distance of 120 pc to compare
with the previous observations
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infrared and near-infrared scattered light emission are
axisymmeteric (van der Marel et al. 2013; Bruderer et
al. 2014). The different distributions between large dust
grains and small dust grains/gas have been interpreted
as a dust trap caused by a vortex. Larger dust grains
are more concentrated in the dust trap (Birnstiel et al.
2013). Such dust traps caused by a vortex may be trig-
gered by instabilities such as the Rossby wave instability
(e.g., Lovelace et al. 1999; Lin 2012; Lyra, & Lin 2013;
Zhu, & Stone 2014; Flock et al. 2015; Ono et al. 2016).
Thus, the IRS 48 disk is a good test case to investi-
gate the dust distributions from both ALMA polariza-
tion and spectral index among ALMA 440 µm, 860 µm,
and VLA 8.8 mm. We discuss the reasonable dust model
to explain the two different ways of measuring the grain
size.
The rest of this paper is organized as follows. In Sec-
tion 2, we describe the ALMA polarization observation
setup and calibration process. Section 3 presents the
ALMA polarization images of the disk. We also show
the VLA image taken by van der Marel et al. (2015)
in this section because we discuss the dust grain sizes
by using both ALMA polarization and VLA continuum
data. In Section 4, we perform the radiative transfer
calculations by taking into account the self-scattering
to compare the ALMA and VLA images and investigate
the grain size. Section 5 discusses the interpretation of
both ALMA polarization and VLA continuum emission
and possible implications for the dust grain sizes and its
distributions. Finally, the results and the conclusions of
this work are summarized in Section 6.
2. OBSERVATIONS
The 860 µm ALMA dust polarization observations
(2017.1.00834.S, PI: Adriana Pohl) were carried out on
2018 August 19. The antenna configurations were C43-2
with 45 antennas. Four spectral windows (spws) were set
in both the lower (2 spws) and upper (2 spws) sidebands,
with 64 channels per spw and 31.25 MHz channel width,
providing a bandwidth of ∼ 7.5 GHz in total. The cen-
tral frequencies in spws are 349.7 GHz, 351.5 GHz, 361.6
GHz, and 363.5 GHz, respectively. The bandpass and
the gain calibrations were performed by observations of
J1427-4206 and J1625-2527, respectively, and the po-
larization calibration was performed by observations of
J1427-4206. The polarization calibrator was observed
3 − 4 times with ∼ 8 min integration time during each
execution in order to calibrate the instrumental polariza-
tion (D-terms), cross-hand delay, and cross-hand phase.
The total integration time for the target was about 90
min. The reduction and calibration of the data were
done with CASA version 5.1.1 (McMullin et al. 2007) in
a standard manner. A detailed description of the data
reduction is given in Nagai et al. (2016).
All images (Stokes I, Q, and U) were reconstructed
with the CASA task tclean with Briggs weighting with
a robust parameter of 0.5. The beam size of the final
product is 0.′′49 × 0.′′39, corresponding to a spatial res-
olution of ∼ 59 × 47 au at the assumed distance of 120
pc.
Stokes Q and U components produce polarized inten-
sity (PI). Note that we ignore the Stokes V component
in this study because it has not been well characterized
for ALMA. The PI value has a positive bias because
it is always a positive quantity. This bias has a partic-
ularly significant effect in low-signal-to-noise measure-
ments. We thus debiased the polarized intensity map
as PI =
√
Q2 + U2 − σ2PI. The root-mean-square (rms)
noise of the Stokes I, Q, and U, and the polarized in-
tensity was derived to be σI = 3.3 × 10 µJy beam−1,
σQ = 3.0×10 µJy beam−1, σU = 3.3×10 µJy beam−1,
and σPI = 4.4×10 µJy beam−1, respectively. The polar-
ization fraction (Pfrac = PI/I) was derived only where
detection was above the threshold 3σPI. The 1σ error
of the polarization angle and polarization fraction is de-
rived to be ∼ 1◦ and ∼ 0.1%, respectively, on average.
We also utilize the VLA data taken by van der Marel
et al. (2015). The observations were carried out on 2015
January - February in the CnB and B configurations.
The observing wavelength is λ = 8.8 mm (34 GHz).
The beam size of the VLA observations is 0.′′46 × 0.′′26
with a position angle of 21◦. The detailed comparison
of the ALMA 440 µm and the VLA 8.8 mm data are
discussed by van der Marel et al. (2015).
3. RESULTS
3.1. The proper motion of IRS 48
Before we show the results of the ALMA polarization
data, we compare the continuum peak positions iden-
tified by the ALMA 860 µm (this study) and previous
VLA 8.8 mm observations. van der Marel et al. (2015)
found the same peak position between the ALMA 440
µm and VLA 8.8 mm continuum emission because these
observations were carried out within 6 months. In con-
trast, since the period in between our and previous ob-
servations is 3.5 yr, the proper motion may be not neg-
ligible.
Figure 1 shows images of the dust continuum emis-
sion at the ALMA 860 µm and VLA 8.8 mm obser-
vations. The detailed structures are described in the
following section. Here, we point out that an offset of
the peak positions between ALMA and VLA observa-
tions is found. The ALMA 860 µm continuum peak is
slightly shifted to South-West direction. The offset is
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Figure 1. ALMA and VLA observations of dust continuum emission at 860 µm and 8.8 mm toward the Oph IRS 48 disk.
(Left) The ALMA 860 µm image (logarithmical color scale); (middle) the VLA 8.8 mm image (linear color scale); (right) the
overlay of the VLA8.8 mm contours in red (taken at 0.03, 0.048, 0.066, 0.084, 0.102, and 0.12 Jy beam−1) on the ALMA 860
µm contours in black (taken at 12, 36, 60, 84,108, and 132 µJy beam−1).
∆R.A. ∼ −0.00564s(= 0.′′0846) and ∆DEC ∼ −0.′′114,
respectively. Even though the offset of ∼ 0.′′1 is smaller
than the beam size, we suggest that IRS 48 has a proper
motion of (−24.2 ± 5.7,−32.5 ± 5.7) mas yr−1 because
the ALMA positional accuracy is ∼ 10−20 mas accord-
ing to the ALMA Technical Handbook. The presented
images in below are corrected for the proper motion.
However, the proper motion of IRS 48 is estimated to be
(−9,−24) mas yr−1 by Gaia Collaboration et al. (2018).
The different measurements of the proper motion might
indicate an orbital motion of the disk. Further observa-
tions are needed to investigate the proper motion of the
protostar and the orbital motion of the disk.
3.2. ALMA Polarization Data
The results of the ALMA polarization data are shown
in Figure 2. The black line represents the radius of the
dust peak in the disk at 60 au identified by van der
Marel et al. (2013). Stokes I image shows an oval struc-
ture rather than the lopsided disk because the beam
size is insufficient to resolve the substructure previously
reported in van der Marel et al. (2013). The peak emis-
sion is 120 mJy beam−1 toward the southeast of the
disk, corresponding to 13 K in brightness temperature.
The integrated flux of the continuum emission is 190
mJy. Stokes Q and U emissions is detected toward the
peak emission of the Stokes I with intensities of ∼ 1 mJy
beam−1.
The polarization fraction, defined as Pfrac = POLI/I ,
is on average∼ 1−2%, and the polarization vectors show
an angle of ∼ 10◦, which is similar to the orientation of
the disk minor axis because the position angle of the
disk (i.e., its major axis) is derived to be ∼ 100◦ (Geers
et al. 2007; Bruderer et al. 2014).
3.3. Stokes I Continuum Data
The polarization observations were carried out with
high sensitivity. Therefore, we are able to detect faint
emission from the continuum. The previous observa-
tions of ALMA dust continuum emission were not able
to measure the brightness contrast between the north
and south regions because the north side of the ring was
not detected.
We plot in Figure 3 the intensity profile of the dust
continuum emission along the position angle of P.A. =
36±15◦ to include the peak intensity. We note that the
peak position does not coincide with the disk minor axis.
The peak intensity is found at a distance of 0.′′4 from the
central star toward the southern direction with the in-
tensity of 120 mJy beam−1. In addition to the peak
emission, we find the second component on the opposite
side of the disk toward the northern direction. We fit the
profile with a two component Gaussian profile, which is
shown in Figure 3. The red line shows the component of
the main Gaussian profile, and the blue line shows the
second component. The green line indicates the combi-
nation of these two components. With the two compo-
nent Gaussian fitting, the peak intensity (Ipeak), the cen-
ter position (rpeak), and the Gaussian width (σpeak) are
derived to be Ipeak = 120 Jy beam
−1, rpeak = 0.′′4, and
σpeak = 0.
′′2 for the main component and Ipeak = 0.70
mJy beam−1, rpeak = 0.′′2, and σpeak = 0.′′3 for the sec-
ond component, respectively.
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Figure 2. 860 µm dust continuum polarization in IRS 48. The upper panels show the total intensity (Stokes I, left) and
polarization fraction and position angle (right). The lower panels show the Stokes Q (left) and U (right) emission. The black
circles indicate the position of the 60 au ring. The polarization vectors and the polarization fraction are shown where the
polarized intensity is higher than 3σPI. Note that the lengths of the polarization vectors are set to be the same. The stellar
position is indicated by the star marker and is set to 16h27m37s.2 -24◦30’35.′′5.
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Figure 3. The radial profile of the continuum emission
(Stokes I) along the position angle of P.A. = 36 ± 15◦ in-
cluding the peak intensity. The origin is set to be the central
star. The green line is the two-component Gaussian fitting.
The red line is the peak component of the southern part of
the disk, while the blue line indicates the detection of the
continuum emission from the northern side of the ring. The
intensity contrast in the flux is 170.
The brightness contrast between the southern and
northern sides of the disk is ∼ 170 (without the decon-
volution with the beam size), which is one order or two
orders of magnitudes stronger contrast than that found
in other lopsided disks such as HD 142527, LkHα 330,
and HD135344B (Casassus et al. 2013; Fukagawa et al.
2013; Isella et al. 2013; Cazzoletti et al. 2018). The cen-
ter position of the second component is slightly closer to
the central star compared with the main component. By
taking into account that van der Marel et al. (2016) re-
vealed that the gas cavity is two times smaller than the
dust cavity, these results may suggest that the northern
part of the disk only contains smaller dust grains colo-
cated with the gas. This small grain distribution was
found by Geers et al. (2007); van der Marel et al. (2013).
Such different dust size distributions are also suggested
in HD 142527 by the ALMA polarization observations
(Ohashi et al. 2018). However, the beam smearing from
the southern part may also affect the northern emission.
Therefore, further observations with higher angular res-
olution will allow us to reveal differences in the center
position and width of the north-south ring structure.
3.4. VLA Continuum Data
Here, we show the VLA image in Figure 4 again be-
cause we analyze the grain size by using both ALMA
polarization and VLA continuum data (see Section 4).
The image is marginally resolved. Continuum emission
is detected in the dust trap with the peak intensity of
138 µJy beam−1. By comparing with the ALMA 440
µm image, the VLA image is found to be more concen-
trated in the dust trap, suggesting that the VLA con-
tinuum emission traces larger dust grains. Note that
van der Marel et al. (2015) reported a small point-like
contribution from an unresolved inner disk and/or free-
free/synchrotron emission from ionized gas close to the
star. However, the derived flux of that inner component
is only 36 µJy, which is only a small fraction of the total
flux of 250 µJy. Therefore, we assume that the most of
the VLA emission comes from dust grains in this study.
Figure 4. The VLA observations of dust continuum emis-
sion at 8.8 mm of the IRS 48 disk. The stellar position was
set to 16h27m37s.2 -24◦30’35.′′3.
4. RADIATIVE TRANSFER MODELING
The morphology of the polarization vectors paral-
lel to the disk minor axis is similar to those found
in other inclined protoplanetary disks (Stephens et al.
2014; Kataoka et al. 2017; Stephens et al. 2017; Lee et
al. 2018; Cox et al. 2018; Girart et al. 2018; Sadavoy et
al. 2018; Hull et al. 2018; Harris et al. 2018; Bacciotti
et al. 2018; Dent et al. 2019; Harrison et al. 2019; Mori
et al. 2019), and is consistent with the self-scattering
model (Kataoka et al. 2015; Yang et al. 2016). The
polarization fraction of 1− 2% is also expected by self-
scattering. Therefore, the 860 µm dust polarization of
the IRS 48 disk is most likely caused by self-scattering,
which indicates a maximum grain size of ∼ 100 µm be-
cause self-scattering becomes the most efficient when the
grain size is ∼ λ/2pi.
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Table 1. Models of possible dust distributions for radiative
transfer calculations
Optically thin model
1. Optically thin with amax ∼ 100 micron
2. Optically thin with amax ∼ 100 micron and ∼ cm
Optically thick model
3. Optically thick with amax ∼ 100 micron
On the other hand, van der Marel et al. (2015) de-
tected 34 GHz (λ ∼ 8.8 mm) dust continuum emission
with VLA as well as 680 GHz dust continuum emission
with ALMA. The VLA image suggests that centimeter-
sized grains exist and appear to be more concentrated
in azimuth than the millimeter-sized grains as predicted
in analytical dust models of azimuthal pressure max-
ima (Birnstiel et al. 2013). Therefore, the ALMA and
VLA data imply different maximum grain sizes. Here,
we discuss the possible scenarios to explain those dif-
ferent measurements from the ALMA polarization and
VLA continuum emission.
Below, we consider an optically thin case (Section 4.1).
The maximum grain size is considered to be ∼ 100 µm
for reproducing the ALMA polarization data. Then, we
investigate two populations of dust grains with maxi-
mum grain sizes of ∼ 100 µm and ∼ cm to take into
account the VLA data. Next, we consider an optically
thick case with dust grains having a maximum grain size
of ∼ 100 µm (Section 4.2). We summarize the possible
dust distributions in Table 1.
To reproduce the ALMA polarization and VLA con-
tinuum emission, we performed radiative transfer cal-
culations with RADMC-3D2 (Dullemond et al. 2012)
that take into account multiple scattering, as done by
Kataoka et al. (2015). We constructed the continuum
image with a two-dimensional fourth power Gaussian
intensity profile Iν(r, φ), following van der Marel et al.
(2013, 2015):
Iν(r, φ) = Ic exp
(−(r − rc)4
2r4w
)(−(φ− φc)4
2φ4w
)
, (1)
Ic = Bν(Td)(1− e−τc), (2)
where r is a radius from the central star, φ is an az-
imuthal angle, τ is the optical depth and Bν(Td) is the
Planck function. Note that rc, rw, φc and φw denote the
peak radius, the radial width of the distribution, the
2 RADMC-3D is an open code of radiative transfer calculations
developed by Cornelis Dullemond. The code is available on-
line at: http://www.ita.uniheidelberg.de/∼dullemond/software/
radmc-3d/
peak azimuthal angle, and the azimuthal width of the
distribution, respectively. The optical depth τabs is cal-
culated as τabs = κabsΣd, where κabs is the absorption
opacity and Σd is the dust surface density.
The dust opacity is calculated following Kataoka et
al. (2016a). The dust grains are assumed to be spher-
ical and to have a power-law size distribution with an
exponent of q = −3.5 (Mathis et al. 1977) and maxi-
mum grain size amax. These assumption are reasonable,
as Tazaki et al. (2019) suggest that the compact struc-
ture of dust grains is better to explain the observed po-
larization fraction than the fluffy dust grains with high
fractal dimension. This maximum grain size is consid-
ered to be the representative grain size in the following
discussion. The opacity was calculated using Mie the-
ory. The composition was assumed to be a mixture of
silicate (50%) and water ice (50%) (Pollack et al. 1994;
Kataoka et al. 2014). We used the refractive index of
astronomical silicate (Weingartner & Draine 2001) and
water ice (Warren 1984) and calculated the absorption
and scattering opacity based on effective medium theory
using the Maxwell-Garnett rule (e.g., Bohren & Huffman
1983; Miyake & Nakagawa 1993). For example, the ab-
sorption opacity of dust grains with amax = 140 µm is
calculated to be 0.88 g−1 cm2 at 860 µm wavelength and
0.011 g−1 cm2 at 8.8 mm wavelength.
Because the absorption opacity, κabs, varies depend-
ing on dust grain size, we change the surface density to
match the observed intensities as follows:
Σd(r, φ) = Σ0 exp
(−(r − rc)4
2r4w
)(−(φ− φc)4
2φ4w
)
, (3)
where Σ0 is the peak surface density.
The disk inclination is set to be 50◦ with assuming
that the southern region is the near side (Bruderer et
al. 2014). The position angle is assumed to be 110◦ to
reproduce the observations.
By using the image of 440 µm continuum emission,
van der Marel et al. (2015) found the best fit for rc = 61
AU, rw = 14 AU, φc = 100
◦, and φw = 41◦. We use
these parameters for our calculations for ∼ 100 µm dust
grains.
Ohashi & Kataoka (2019) found that the dust scale
height is also a key parameter to induce the polarization
by the self-scattering. Therefore, we set an additional
dust settling parameter fset such that hd = hg/fset,
where hg is the gas scale height, to mimic grain set-
tling. The gas scale height is written as hg = cs/ΩK,
where cs is the sound speed and ΩK is the Keplerian
angular velocity. The vertical density distribution is as-
sumed to be Gaussian with a dust scale height hd such
that ρd = Σd/(
√
2pihd) exp(−z2/h2d).
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4.1. An Optically Thin Case
We assume a dust temperature of 60 K at 60 au (Brud-
erer et al. 2014). Then, for low optical depths, the tem-
perature profile is assumed to have a power law index of
−0.5 (Kenyon & Hartmann 1987) as
Td = 60 K
( r
60 au
)−0.5
. (4)
The brightness temperature of the 440 µm wavelength
dust continuum emission was derived to be 31 K at 60
au with ALMA high resolution observations (van der
Marel et al. 2015). Therefore, the temperature of 60 K,
higher than the brightness temperature, suggests that
the continuum emission even at 440 µm is marginally
optically thick, as long as significant beam dilution does
not occur.
4.1.1. Single Grain Population with Maximum Grain Size
amax ∼ 100 µm
As a simple case (Model 1 in Table 1), we consider a
grain size population with a single power-law size dis-
tribution with n(a) ∝ a−3.5 and amin = 0.1 µm. The
maximum grain size amax is the main parameter. We,
here, use amax = 140 µm because the dust grains with
amax = 140 µm produce the polarization with the max-
imum efficiency at 860 µm.
The dust surface density is set to be Σ0 = 0.26 g
cm−2 at 61 au in equation (3) to recover the flux of the
ALMA 860 µm continuum emission. The corresponding
optical depth is τabs = 0.23 because the dust absorption
opacity is calculated to be 0.88 g cm−2 from Mie theory
by assuming a maximum grain size of 140 µm.
We use the dust settling parameter fset = 10, which is
the case that dust grains are well settled into the mid-
plane of the disk, since other disks such as HL Tau are
suggested to have the low dust scale height (Pinte et al.
2016). We discuss the dust scale height later in Section
5.4.
Figure 5 shows the comparisons of ALMA Band 7 po-
larization and VLA continuum observations and the ra-
diative transfer calculations. The calculations are per-
formed with the same model at the two observing wave-
lengths of λ = 860µm and 8.8 mm. The images are con-
volved with the beam sizes of 0.′′493× 0.′′392 for ALMA
and 0.′′46× 0.′′26 for VLA, respectively.
The ALMA Stokes images and our model are sim-
ilar. The Stokes Q and U emission have their peaks
at the continuum peak position. The polarization vec-
tors seem parallel to the disk minor axis even though
a slight offset from the observations are found. The
polarization vectors parallel to the disk minor axis are
consistent with the self-scattering model. The small dif-
ferences from the observations may be caused by the ra-
diation fields we assume. The dust scale height and/or
the intensity profile of our model may be slightly differ-
ent from the IRS 48 disk. Since the polarization vector
depends on the anisotropy of the radiation field, the po-
larization vector varies with the intensity profile and the
dust scale height. We discuss the polarization variations
by changing the dust scale height in Section 5.4. The
polarization fraction is derived to be ∼ 3.5%, which is
slightly higher than the observed values. To fit the ob-
served polarization fraction (mostly 1-2%), the grain size
would need to be slightly smaller or larger than 140 µm
(amax ∼ 60 − 180 µm), since the 140 µm dust grain is
the most efficient to produce the polarization due to the
scattering, and thus yields the highest value of polar-
ization fraction. Another way to fit the observed po-
larization fraction is to change the dust compositions
or structures. The polarization fraction can be lower if
the porosity of the dust grains are higher (Tazaki et al.
2019).
The observations show a maximum polarization frac-
tion of ∼ 2 ± 0.5% toward the eastern side of the con-
tinuum peak, whereas the western side of the disk has a
lower polarization fraction of ∼ 1±0.1%. This may sug-
gest different grain size distributions along the azimuthal
direction. However, the difference in grain size should
be small because the dust size needs to be ∼ 30−300 µm
to produce any scattering polarization at 860 µm (grains
larger or smaller than those values do not produce the
scattering-induced polarization at 860 µm wavelength).
Thus, we suggest that pure self-scattering with a max-
imum grain size of ∼ 100 µm can explain the ALMA
polarization observations.
However, Figure 5 also shows the comparison between
the VLA observations and model. The model shows
a significant discrepancy from the observations, with a
peak intensity of ∼ 10 µJy, which is 10 times lower than
the VLA observation because dust grains as small as
140 µm are insufficient to produce the emission at 8.8
mm wavelength. Therefore, this model with a single
population of dust grains with amax ∼ 100 µm cannot
explain the VLA observations.
4.1.2. Two Populations of Dust Grains with the Maximum
Grain Sizes of amax ∼ 100 µm and amax ∼ cm
In Section 4.1.1, we discuss dust grains with a maxi-
mum grain size of 140 µm. We found that the 140 µm
dust grains are not large enough to explain the VLA ob-
servations even though the model can match the ALMA
polarization observations.
Here, we discuss two populations of dust grains to ex-
plain both observations of ALMA polarization and VLA
continuum emission under the optically thin conditions
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Figure 5. (Top row) The observation images of the ALMA 860 µm dust continuum polarization and VLA 8.8 mm dust
continuum data. (Middle row) The model images of the radiative transfer calculations for the total intensity (Stokes I), Stokes
Q, and U emission, polarization fraction overlaid with polarization vectors, and the VLA 8.8 mm dust continuum. The model
assumes optically thin emission with the single grain population with a maximum grain size of 140 µm . The dust settling
parameter is set to fset = 10. (Bottom row) The residual images in the same colorscale as the data image. The black solid and
white dashed contours in the Stokes I residual map indicate the positive and negative intensity levels with ±5.0 mJy beam−1
intervals.
(Model 2 in Table 1). We assume that one consists of
a maximum grain size of 140 µm and the other con-
sists of a maximum grain size of ∼ 1 cm. The 140 µm
dust grains represent the ALMA polarization emission,
while the ∼ 1 cm dust grains represent the VLA con-
tinuum emission. Here we use a maximum grain size of
5 cm with a power-law size distribution of q = −3.5 to
reproduce the VLA continuum emission. It should be
noted that the spectral index, β, depends not only on
the grain sizes of the emitting dust, but also on other
factors such as dust chemical composition, porosity, ge-
ometry, as well as on the grain size distribution (Testi et
al. 2014). Therefore, we need to investigate the power-
law of size distribution and dust compositions for repro-
ducing the lower spectral index in future studies.
According to van der Marel et al. (2015), we consider
different spatial distributions for these two populations.
For the 5 cm dust grains, we assume that the azimuthal
width of the crescent is φw = 18
◦ in equation (1) in or-
der to reproduce the VLA continuum emission. The 140
µm dust grains are assumed to have a larger azimuthal
crescent with an azimuthal width of φw = 41
◦. The 140
µm dust grains set outside of the region where the 5
cm dust grains are distributed to reproduce the images
of the ALMA 440 µm continuum emission and 860 µm
dust polarization emission. We remove the 140 µm dust
grains in the dust trap as traced by the centimeter emis-
sion because dust grains are considered to have already
grown to 5 cm in this region.
To reproduce the intensities of ALMA 440 µm, ALMA
860 µm, and VLA 8.8 mm dust continuum emission, the
surface density is set to be Σ0 = 0.65 g cm
−2 for the 5
cm dust grains. The surface density of the 140 µm dust
grains is set to be Σ0 = 0.1 g cm
−2 but is excluded in
the center of the dust trap (no 140 µm dust grains are
colocated with the 5 cm dust grains). These dust dis-
tributions keep the intensity profile revealed by ALMA
440 µm dust continuum observations. The continuum
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Figure 6. Same as Figure 5 but assuming two populations of dust grains. The 5 cm dust grains are located at the continuum
peak with an azimuthal width of φw = 18
◦. The 140 µm dust grains are distributed in a larger crescent with the azimuthal
width of φw = 41
◦.
image of this model for the ALMA 440 µm observations
is discussed in Section 5.1. The dust settling parameter
of fset = 10 is used.
Figure 6 compares the images of ALMA Band 7 po-
larization and our model. Similar to Figures 2 and 5,
the polarization vectors are parallel to the disk minor
axis. The polarization fraction shows ∼ 0.5− 2.0% and
it decreases to ∼ 0.5% at the continuum peak. This is
because only the 5 cm dust grains are located at this re-
gion, which do not produce the scattering-induced polar-
ization. Our large beam size cannot spatially resolve the
different distributions of the two dust grains. Therefore,
the polarization appears even in the continuum peak re-
gion.
By comparing the Stokes images of the observations
and models, we find that the model images of the Stokes
Q and U emission show slight drops at the continuum
peak and thus have double-peaked distributions even
though the observations only show single peaks of po-
larized emission at the continuum peak. This is also
shown in the residual maps of Stokes Q and U images
because the emission is still remained in the center of
the dust trap. Furthermore, the polarization fraction of
our model is lower than the observations even though
we use a maximum grain size of 140 µm, which is the
most efficient to produce the polarization. Therefore,
dust grains with a maximum grain size of ∼ 100 µm
may need to be located also in the continuum peak un-
like our model. Furthermore, such 100 µm sized dust
grains need to dominate the continuum emission to re-
produce the polarization fraction as shown in Figure 5.
These conditions may be unlikely because the larger dust
grains will be more concentrated on the dust trap (Birn-
stiel et al. 2013). Furthermore, it may also be difficult to
have two distinct populations of dust grains with sizes of
140 µm and 5 cm in the same region. However, we can-
not rule this model out based on our spatial resolution.
It may be possible that the 5 cm dust grains are more
concentrated with the azimuthal width of φw < 18
◦.
Further observations with higher spatial resolution can
testify whether there are ∼ 100 µm dust grains at the
continuum peak position (dust trap position) that are
producing the polarization.
Figure 6 also shows the comparison of the VLA con-
tinuum emission and our model. We find that our model
recovers the continuum emission by including the 5 cm
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dust grains because the large dust grains efficiently pro-
duce emission at longer wavelengths. The peak intensity
of our model shows 120 µJy beam −1, which is slightly
lower than 138 µJy beam −1 derived by the VLA ob-
servations. However, it may be possible to reproduce
the VLA continuum emission by changing the power-law
size distribution of q or changing the dust chemical com-
positions. It should be noted that this study does not
make an optimal fitting, and we give an idea of whether
the model can explain the observations.
These results may indicate that the model using two
grain populations can explain generally both observa-
tions of the ALMA polarization and VLA continuum
emission. The 5 cm grains are more concentrated and
the 140 µm dust grains are distributed in a larger area.
These different spatial distributions of dust grains are
consistent with the dust trapping scenario.
However, the simple dust trapping scenario may not
be the case because the two distinct grain sizes of 140 µm
and 5 cm are used without considering any other max-
imum grain sizes in our model, for example, a perhaps
more realistic broader size distribution. The model as-
sumes that the ∼ 100 µm dust grains need to be widely
distributed outside of the 5 cm dust grains. If the max-
imum grain size were to have an azimuthal distribution,
the polarization would be produced only where the grain
size is ∼ 100 µm, which would lead to a significant lo-
cal reduction of the polarization degree due to the beam
dilution (Pohl et al. 2016).
4.1.3. Dust trapping model for ALMA polarization
observations
By taking into account a broader grain population,
we assess whether the dust trap model from Birnstiel et
al. (2013) is consistent with the ALMA polarization or
not. The dust trapping model assumes that dust grains
are trapped in local pressure maxima caused by a vortex
(e.g., Barge & Sommeria 1995; Klahr & Henning 1997).
The distribution of dust particles shows that larger dust
particles are more concentrated in the pressure maxima.
According to Birnstiel et al. (2013), the azimuthal dis-
tributions of dust grains can be expressed as
Σd = AΣgas
(
− St
αt
)
, (5)
where A is a normalization constant, St is the Stokes
number which is expressed as St = (piρadust)/(2Σgas)
and αt is turbulence strength. In our calculations, we
set a αt of 10
−3. The gas surface density is assumed to
be
Σgas(r, φ) = 0.5 exp
(−(r − rc)4
2r4w
)[
1+0.2 sin(φ−pi
2
)
]
g cm−2,
(6)
following by van der Marel et al. (2016), they derived
the gas surface density of 0.5 g cm−2 at the ring. Then,
we set the 20% contrast of the gas surface density be-
tween the north and south parts with sinusoidal profile
shown in equation (6). The contrast is more enhanced
for larger dust grains as shown in equation (5). Figure
7 shows examples of azimuthal distributions of several
dust grains according to equations (5) and (6). We con-
firm that larger dust grains accumulate more in the dust
trap.
Figure 7. Azimuthal distributions of dust grains for various
sizes are shown, following the dust trap model (Birnstiel et
al. 2013).
As shown in Figure 7, we mimic the dust trapping
model of Birnstiel et al. (2013) from equations of (5)
and (6). Here, we consider 40 populations of dust grains
with different maximum grain sizes from 1 micron to
105 micron (= 10 cm) to perform the radiative transfer
calculations. The dust size is equally spaced in log scale.
Note that dust grains larger than 1 cm are located only
in the crescent with an azimuthal width of 18◦.
Based on these dust distributions, we perform the
radiative transfer calculations by taking into account
the self-scattering effect. Figure 8 shows the Stokes I
and polarization fraction maps of the radiative trans-
fer calculations for the dust trapping model at 860 µm
wavelength. Note that the images are not smoothed to
the beam size, in order to indicate the disk structure.
The Stokes I image shows the crescent structure, simi-
lar to the ALMA observations predicted by Birnstiel et
al. (2013).
However, we find that the polarization fraction only
reaches ∼ 0.2%, which is much lower than the obser-
vations. This is because there are many dust grains
throughout the ring that contribute to the Stokes I but
do not emit polarization (it should be noted that the
range of the polarization fraction in Figure 8 is much
smaller than that of Figure 5, and the color scale is dif-
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Figure 8. The dust trap model of the continuum image and polarization caused by self-scattering at 860 µm wavelength (right).
40 populations of dust grains are included.
ferent). In detail, we find that the polarization fraction
is as high as 0.21% on the west and east sides of the
crescent, decreasing to 0.17% on the north part of the
ring and dropping sharply to 0.06% at the peak of the
dust trap. This latter drop in polarization fraction is
because many dust grains larger than 100 µm are accu-
mulated on the dust trap. Such larger dust grains con-
tribute to Stokes I but do not produce the polarization.
However, the east, west, and north sides of the crescent
have a population of 100 µm dust grains (see Figure
7), which contributes to both Stokes I and polarization.
Our calculations thus indicate that the dust trapping
model cannot explain the ALMA polarization observa-
tions in terms of the polarization fraction at least if dust
grains have already grown to larger than 100 µm in the
dust trap and emission is optically thin. We confirm this
conclusion by smoothing the dust trapping model to the
beam size.
In Appendix A, dust trap models with 10 and 20 dust-
grain populations are shown in order to investigate the
effect of the number of dust populations. We define the
10, 20, and 40 dust-grain populations as the number of
populations of different dust grain sizes. The numbers
of dust-grain populations are arbitrarily chosen. The
grain sizes are from 1 micron to 105 micron (= 10 cm),
equally spaced in log scale as the same with the 40 dust-
grain populations. We find that these models show a
polarization fraction of as low as ∼ 0.2% and a strong
decrease at the dust trap regardless of the number of
dust populations.
Even though we show that the simple dust trapping
model (dust grains have already grown to larger than
100 µm in the dust trap and emission is optically thin)
cannot explain the ALMA polarization observation, the
dust trapping might be more complex than our assump-
tion because there will also be the grain size segregation
in azimuthal direction. In this case, the power-law dis-
tribution of grain size is suggested to be lower in the
vortex (Sierra et al. 2017). The dust segregation local-
izes the 100 micron sized dust grains, resulting in lower
polarization fraction (Pohl et al. 2016), while the lower
power-law distribution of grain size increases the polar-
ization fraction. The current polarization observation,
due to low resolution, is not enough to conclude that the
dust trapping model of the optically thin emission with
cm dust grains is not the case.
4.2. An Optically Thick Case
Here we discuss an alternative scenario to explain both
ALMA and VLA observations. The lower spectral index
is explained not only by grain growth but also high op-
tical depth. Therefore, we investigate whether an opti-
cally thick case (Model 3 in table 1) can also reproduce
the observations or not.
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Figure 9. Same with Figure 5 but for the optically thick model assuming a maximum grain size of 140 µm, surface density
of Σd = 8.2 g cm
−2 (corresponding to τabs = 0.09 at λ = 8.8 mm), and azimuthal width of φw = 18◦. The temperature is set
to be 35 K.
We consider the grain population with a maximum
grain size of ∼ 140 µm. We assume that the thermal
emission from the 140 µm dust grains is optically thick
at 860 µm, and becomes optically thin at 8.8 mm wave-
length in the dust trap. First, we reproduce the VLA
continuum emission to derive the surface density of Σ0.
Then, we investigate whether this physical condition can
also match the ALMA polarization data or not.
To reproduce the VLA emission, we assume an az-
imuthal width of φw = 18
◦ in equation (3). The tem-
perature is assumed to be 35 K at 60 au in equation (4)
because the brightness temperature was derived to be 31
K by the ALMA 440 µm dust continuum emission with
higher spatial resolution (van der Marel et al. 2015).
Even though the brightness temperature of the resolved
continuum emission is equal to the dust temperature if
the emission is optically thick, we use a 35 K slightly
higher than 31 K by taking into account the beam dilu-
tion effect. The temperature of 35 K matches the peak
intensities among ALMA 440 µm, ALMA 860 µm, and
VLA 8.8 mm emission (see Section 5.1). The previous
observations derived the temperature of 60 K on the ring
by assuming the axisymmetric structure (Bruderer et al.
2014). However, it may be possible for the temperature
to be lowered locally, e.g. by shadowing of an inclined
inner disk, as in HD 142527 (Casassus et al. 2015).
In order to reproduce the VLA continuum emission
with the 140 µm dust grains and the temperature of 35
K, the surface density needs to be Σ0 ∼ 8.2 g cm−2
at the continuum peak. The optical depth corresponds
to τabs = 7.3 at 860 µm and τabs = 0.090 at 8.8 mm
wavelength because the absorption opacity of the 140
µm dust grains is derived to be 0.88 g−1 cm2 and 0.011
g−1 cm2 at 860 µm and 8.8 mm wavelength, respectively,
by Mie theory. Therefore, the 860 µm thermal emission
is optically thick, while the 8.8 mm thermal emission is
optically thin in the center of the dust trap.
Since the intensity distribution of the ALMA 440 µm
emission is azimuthally wider than that of the VLA 8.8
mm emission , we also include additional dust grains
with a maximum grain size of 100 µm with an azimuthal
width of φw = 41
◦ outside the optically thick region to
reproduce the crescent structure observed by ALMA 440
µm continuum emission. These additional dust grains
are assumed to be optically thin at 860 µm wavelength
and the emission is too faint to be observable by the
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Table 2. Summary of the possible dust distribution models for ALMA polarization and VLA continuum
Optically thin model Σ0
a ALMA polarizationb VLA continuumb
1. Optically thin with 0.26 g cm−2 yes no
amax ∼ 100 micron model emission is ∼ 10 times weak
2. Optically thin with 0.65 g cm−2 marginally yes yes
amax ∼ 100 micron and ∼ cm Stokes Q and U drop at the continuum peak
Optically thick model ALMA polarization VLA continuum
3. Optically thick with 8.2 g cm−2 yes yes
amax ∼ 100 micron
a Σ0 is the dust surface density at the dust trap in equation (3).
b yes/no indicates whether the model agrees with the observations or not.
VLA 8.8 mm observation. The surface density of the
additional dust grains is set to Σ0 = 0.15 g cm
−2 in
equation (3) with an azimuthal width of φw = 41
◦ but
is excluded in the center of the dust trap.
With these conditions (T = 35 K and Σ0 = 8.2 g cm
−2
in the center of the dust trap), we perform the radiative
transfer calculation at a wavelength of 860 µm and 8.8
mm. Then, we investigate whether these dust conditions
can match the ALMA polarization and VLA continuum
observations. Figure 9 shows the comparisons of the ob-
servations and our model for ALMA polarization and
VLA continuum data. We find that the polarization
vectors are parallel to the disk minor axis and the po-
larization fraction is ∼ 1.2 − 1.7% in the model. The
polarization fraction at the continuum peak shows 1.3%
in our model and 1.1±0.1% in the observations. There-
fore, the optically thick model matches the observations.
The model Stokes Q and U emissions have a peak
emission of ∼ 1 mJy beam−1 at the continuum peak
position, matching well the observations. Figure 9 also
shows the model image for the VLA dust continuum
emission. We find that this optically thick model repro-
duces the VLA observations well.
5. DISCUSSION
5.1. Comparisons between our models and ALMA 440
µm dust continuum emission
In the Section 4.1 and 4.2, we show that the ALMA
polarization data and VLA continuum data would be
explained by Model 2 and 3 shown in Table 2. Here,
we discuss these two models in the context of the 440
µm dust continuum images because van der Marel et
al. (2013) revealed the crescent structure with ALMA
440 µm dust continuum observations with high spatial
resolution. Therefore, we calculate the radiative transfer
based on these two models (Model 2 and 3) at 440 µm
wavelength in order to investigate whether these models
can match the ALMA 440 µm observations as well as
the ALMA 860 µm and VLA 8.8 mm observations.
Figure 10 shows the continuum images of the ALMA
440 µm continuum observations (van der Marel et al.
2013), optically thin model (Model 2 in Table 2), and
optically thick model (Model 3 in Table 2) at 440 µm
wavelength. By comparing the observations with the
model images, we find that the crescent structures of
both models are similar to the observations.
We note that no emission is apparent in our models on
the opposite side of the ring from the continuum emis-
sion peak even though the ALMA polarization observa-
tions detected the continuum emission with the inten-
sity of 0.7 mJy beam−1. As van der Marel et al. (2013)
show, small dust grains would be distributed on the ring.
Such small dust grains (grain size is < 100 µm) will con-
tribute to the continuum emission at the northern part
of the disk. These different grain size distributions are
also suggested in the HD 142527 disk by using ALMA
polarization observations (Ohashi et al. 2018).
Figure 11 shows the peak intensity against wavelength
for the observations and models. The flux error of the
observed intensity is set to be the flux calibration uncer-
tainty, which is 20% for ALMA Band 9 (van der Marel
et al. 2015). The both models follow the observed peak
intensities at 440 µm (ALMA Band 9), 860 µm (ALMA
Band 7), and 8.8 mm (VLA) wavelengths. However, the
optically thick model seems slightly better than the op-
tically thin model in particular for the ALMA 440 µm
observations. By taking into account not only the polar-
ization but also the continuum emission, the maximum
grain size of only ∼ 140 µm in the continuum emission
peak is likely. In this case, the continuum emission at
the peak is very optically thick at 860 µm wavelength
(Σd ∼ 8.2 g cm−2 corresponds to τabs ∼ 7.3).
We point out that our proposed scenario is still con-
sistent with the dust trapping model of Birnstiel et al.
(2013) in terms of the different azimuthal distributions
depending on grain size. We suggest that the maximum
grain size needs to be ∼ 140 µm in the dust trap for the
ALMA polarization data, while Birnstiel et al. (2013)
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Figure 10. (Left) the ALMA 440 µm continuum image observed by van der Marel et al. (2013). (Middle) the continuum
(Stokes I) image of the optically thin model of the ALMA 440 µm observations. (Right) the continuum (Stokes I) image of the
optically thick model of the ALMA 440 µm observations.
Figure 11. Peak intensity against wavelength for the obser-
vations (open circles) and models (blue = 140 micron dust
grains with optically thick emission, red = 140 micron and
5 cm dust grains with optically thin emission). The flux er-
ror of the observed intensity is set to be the flux calibration
uncertainty, which is 20% for ALMA Band 9 (van der Marel
et al. 2015).
assume that the dust grains are grown to centimeter
size.
5.2. Is the disk gravitationally unstable in the optically
thick model?
Here, we discuss the gravitational instability of the
disk in the case that the surface density is as high as
Σd ∼ 8.2 g cm−2. We use the Toomre Q = csΩ/(piGΣg)
parameter (Toomre 1964) to investigate whether the
disk is gravitationally stable or not. By assuming the
gas to dust mass ratio of 100 and Σd = 8.2 g cm
−2,
the Toomre Q is derived to be Q ∼ 0.1, which is much
lower than the critical value of Q ∼ 1 − 2. Therefore,
the disk is gravitationally unstable to form spiral arm
or fragmentation. Conversely, the gas to dust mass ra-
tio needs to be lower than 10 to keep it gravitationally
stable (Q ∼ 1).
The requirement of low gas to dust mass ratio (< 10)
is consistent with the results of van der Marel et al.
(2016), as they derive a gas surface density of 0.5 g cm−2
at the ring. Their dust surface density (0.04 g cm−2) at
the ring radius is not a reliable estimate as their mod-
eling procedure considers only axisymmetric structures,
i.e. this is the average dust surface density when spread
over an entire ring rather than an asymmetric structure.
Using a derived dust surface density of Σd = 8.2 g cm
−2
(in this study), the gas to dust ratio at the center of the
dust trap becomes as low as 0.06. Such low gas to dust
mass ratio might cause dust feedback for destroying the
vortex (Fu et al. 2014), although the efficiency of dust
feedback in 3D is still under debate (Lyra et al. 2018)
The gas surface density measurement from the CO
emission might be underestimated because of carbon de-
pletion (Miotello et al. 2017). The high optical depth of
the dust continuum emission also affect both the molec-
ular line emission and polarized intensity. The intensity
of the molecular lines will be suppressed by the strong
continuum emission, resulting in an even higher under-
estimate of the gas surface density. The effect of high
optical depth of continuum emission on the polarization
is discussed in the next section.
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Figure 12. (Upper row) the polarization fraction overlaid with the polarization vectors of the optically thick models (Model
3 in table 2) but for various values of the dust surface density (Σ0), decreasing from left to right. (Lower row) the 8.8 mm dust
continuum images of the same models. The dust temperature and dust scale height are assumed to be 35 K and fset = 10,
respectively. The panels on the far left show the observations for the ALMA polarization and VLA continuum emission,
respectively.
5.3. Dependence of polarization and continuum
emission on Optical Depth
In the previous discussion, we show that the ALMA
polarization and VLA continuum emission are explained
only by 140 µm dust grains with a surface density of
Σd = 8.2 g cm
−2 in the center of the dust trap. The
optical depth corresponds to τabs = 7.3 at 860 µm wave-
length. Here, we discuss the dependence of the ALMA
polarization and VLA continuum emission on the opti-
cal depth. Based on the optically thick model (Model
3 in table 2), we change the surface density (Σ0) of the
140 µm dust grains.
Figure 12 shows the effect of changing the dust surface
density on the models of ALMA polarization and VLA
continuum emission. We find that the polarization frac-
tion is saturated after the surface density is more than
Σ0 ∼ 3.4 g cm−2, corresponding to an optical depth of
τabs ∼ 3 at λ = 860 µm. The saturation of the polar-
ization fraction indicates that the polarized intensity as
well as the continuum emission is observed only toward
the surface layer of the disk, where the maximum grain
size is 140 µm. Therefore, the emission from the mid-
plane of the disk cannot be observed by either contin-
uum or polarization observations at 860 µm wavelength
as the emission becomes optically thick.
In contrast, the emission of VLA 8.8 mm continuum
emission remains optically thin, indicating that the VLA
observations can trace the disk midplane. Figure 12
shows that the models of 1.1 g cm−2 . Σd < 8.2 g cm−2
are not sufficient to reproduce the VLA observations
even though these models match the ALMA polarization
observations. Therefore, it may be possible that larger
dust grains are settled into the midplane, which only
contribute to the VLA dust continuum emission even if
the ∼ 100 µm dust grains are located at the upper layer
of the disk. Therefore, the surface density of Σd = 8.2
g cm−2 can be regarded as the maximum case because
the surface density higher than 8.2 g cm−2 will exceed
the VLA 8.8 mm continuum emission.
5.4. Dependence of polarization on Dust Scale Height
In the previous models, we assume that the dust grains
are well settled into the midplane. Therefore, the dust
settling parameter is set to be fset = 10, which means
that the dust scale height is 10 times smaller than the
gas scale height. However, Ohashi & Kataoka (2019)
pointed out that the dust scale height would change
the radiation field if the surface density is fixed, which
results in that the polarization patterns also change.
Therefore, we discuss the dust scale height effect for the
polarization in this disk by changing the fset parameter.
Figure 13 shows the Stokes Q and U images before
smoothing to the beam size for fset = 1 and 10. The
dust surface density is the same as the optically thick
model (Model 3 in table 2) as presented in Figure 9.
The upper panels are the case of fset = 10, and the
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Figure 13. (Upper row) Stokes Q and U images of the
(optically thick) model in Figure 9 before smoothing to the
beam size. The dust scale height is set to be fset = 10.
(Lower row) the same images as the upper panel but with
the dust scale height set to fset = 1.
Figure 14. The optically thick model (Model 3 in Table
2) images of the radiative transfer calculations for the total
intensity (Stokes I), polarization fraction overlaid with po-
larization vectors, Stokes Q, and U. The dust scale height is
changed to be fset = 1.
lower panels show the case of fset = 1 (the dust scale
height is equal to the gas scale height). In the case of
fset = 10, both of the Stokes Q and U emission only have
positive values. The Stokes Q emission is much stronger
than Stokes U, indicating that the polarization vectors
will be aligned with the disk minor axis.
In contrast, for the case of fset = 1, we find that the
Stokes Q and U emission have not only positive but also
negative values in the edges of the disk. This is the
same result found by Ohashi & Kataoka (2019) in the
protoplanetary disk around HD 163296. They pointed
out that the radiation fields change if the dust scale
height is changed for a fixed surface density. Figure 13
indicates that negative values of the Stokes Q and U
emission are enhanced if the disk is flared. Then, the
polarization vectors are also varied. If the flared disk is
observed with large beam size such as our observation,
the positive and negative emission are cancelling out,
and the polarization fraction becomes lower than that
of the thin disk.
Figure 14 shows the same model with Figure 9 but for
fset = 1, which is a beam-smoothed version of the bot-
tom panels in Figure 13. We find that the polarization
fraction with fset = 1 is . 1% in the dust trap, which
is slightly lower than that with fset = 10 and the obser-
vations. Therefore, we prefer more dust settling, which
means that vertical turbulence is less efficient. We calcu-
late the polarization fraction and polarization vectors by
changing the dust scale height, fset. As shown in Figure
15, the polarization fraction decreases with increasing
the dust scale height. By comparing the observed po-
larization fraction, the dust scale height may need to be
at least fset & 2 to reach the polarization fraction of
∼ 1 − 2%. However, our current polarization observa-
tions are not enough to constrain the dust scale height
due to the large beam size. Further polarization obser-
vations with higher spatial resolution and sensitivity will
allow us to constrain the dust scale height.
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Figure 15. The polarization fraction overlaid with the polarization vectors of the models of the single grain population for
various dust scale heights; the scale height decreases as fset increases, from left to right. The models assume the maximum grain
size of 140 µm, the surface density of Σd = 8.2 g cm
−2, and the azimuthal width of φw = 18◦. The temperature is set to be 35
K. The dust scale height is fset = 2, 3, 5, 8, respectively. The panel on the far left is the ALMA polarization observation.
6. CONCLUSION
We present 860 µm ALMA observations of polarized
dust emission toward the Ophiuchus IRS 48 disk. This
protoplanetary disk has been also observed with ALMA
440 µm and VLA 8.8 mm dust continuum observations
before and shows a lopsided ring structure. We dis-
cuss the possible scenarios to simultaneously explain the
ALMA polarization and VLA dust continuum emission.
Our main results are as follows:
• The polarization vectors are parallel to the disk
minor axis and the polarization fraction is derived
to be 1−2% in the southern part of the disk where
polarization is detected. These characteristics are
consistent with the dust self-scattering in inclined
disks.
• We detect thermal emission from the side of the
ring opposite the continuum emission peak. The
intensity is 0.7 mJy beam−1, indicating a contrast
in flux density of 170.
• To explain both the ALMA polarization and the
VLA continuum emission at 8.8 mm, we discuss
two possibilities: (1) ∼ 5 cm dust grains are lo-
cated at the center of the dust trap, whereas ∼ 100
µm dust grains are distributed outside of them,
and (2) the maximum grain size is ∼ 100 µm
throughout the ring, including in the dust trap.
In the last scenario, we force the emission to be
optically thick at 860 µm (Σd = 8.2 g cm
−2m
τabs = 7.3), while it becomes optically thin at 8.8
mm (τabs = 0.09). By performing radiative trans-
fer modeling, we conclude that the optically thick
model with the maximum grain size of ∼ 100 µm is
more likely than the optically thin model with the
two different populations of dust grain sizes. How-
ever, it can be speculated that larger dust grains
may accumulate near the midplane if the 860 µm
thermal emission is optically thick.
• In the optically thick case, we investigate the ef-
fect of the dust scale height on the polarization.
We find that the polarization fraction is decreased
when increasing dust scale height because the ra-
diation field would change as shown by Ohashi &
Kataoka (2019). To reach a polarization fraction
of 1− 2% similar to the observations, we find that
the dust scale height would be less than (1/2)Hgas.
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APPENDIX
A. DUST TRAP MODEL FOR ALMA POLARIZATION WITH 10 AND 20 DUST-GRAIN POPULATIONS
Here, we investigate the dust trap model with 10 and 20 dust-grain populations because the number of duet grains
in size may affect the polarization fraction. The model with 40 dust populations is shown in Section 4.1.3.
Figure 16 and 17 shows the cases where 10 and 20 dust-grains populations are included, respectively. We find that
these models show a polarization fraction of as low as ∼ 0.2% and drops at the dust trap regardless of the number
of dust populations, which indicates that the surface density the of ∼ 100 micron sized dust grains are not enough to
produce the observed polarization fraction. Therefore, we conclude that the dust trapping model cannot explain the
ALMA polarization observations in the optically thin case.
Figure 16. The dust trap model of the continuum image and polarization fraction caused by self-scattering at 860 µm
wavelength. The 10 populations of dust grains are included.
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Figure 17. The dust trap model same with Figure 16 but the 20 populations of dust grains are included.
